Fairly recently, it was recognized that human ribosomopathies-developmental defects caused by mutations in ribosome biogenesis proteins-can exhibit tissue-specific defects rather than the expected global defects. This apparent anomaly-that seemingly ubiquitously expressed and required ribosomal proteins can have distinct functions in cell and tissue differentiation-has spurred new areas of research focused on better understanding translational mechanisms, biogenesis, and function in diverse cell types. This renewed appreciation for, and need to better understand, roles for ribosomal proteins in human development and disease has identified surprising similarities and differences in a variety of human ribosomopathies. Here, we discuss ribosomal protein functions in health and disease, focusing on the ribosome biogenesis protein Utp5/WDR43. New and exciting research in this field is anticipated to provide insight into a variety of previously understudied craniofacial dysostoses and result in significantly improved knowledge and understanding of roles for translational machinery in human craniofacial development and disease.
Craniofacial dysostosis is a prominent tissue-specific manifestation of ribosomopathies (Trainor and Merrill 2014) . Ribosomopathies are genetic diseases associated with mutations in proteins present in ribosomes (i.e., the protein synthesis factories of cells) or in proteins required to make ribosomes Hannan et al. 2013; McCann and Baserga 2013; Armistead and Triggs-Raine 2014; Sondalle and Baserga 2014; Trainor and Merrill 2014; De Keersmaecker et al. 2015) . Although the requirement for ribosomes is ubiquitous in all cells, there is a surprisingly diverse array of disease manifestations associated with ribosomopathies. For example, ribosomopathies are associated with bone marrow failure (Burwick et al. 2012; Chirnomas and Kupfer 2013; Raiser et al. 2013) , liver cirrhosis (Chagnon et al. 2002; Freed et al. 2012) , exocrine pancreatic deficiency (Boocock et al. 2003; Finch et al. 2011; Provost et al. 2012) , failure to develop a spleen (Bolze et al. 2013) , and craniofacial defects (Trainor and Merrill 2014) . Interestingly, craniofacial defects are characteristic of disparate ribosomopathies, including Diamond Blackfan anemia (Gazda et al. 2008) and Treacher Collins syndrome (Valdez et al. 2004; Dauwerse et al. 2011) . As all cells require protein synthesis and, therefore, ribosomes, it is surprising that mutations that cause defective ribosome synthesis and function would be compatible with life.
Several ribosomopathies cause abnormal development of the face during embryogenesis. One ribosomopathy with marked craniofacial defects is Treacher Collins syndrome (Dixon et al. 2006; Jones et al. 2008; Dauwerse et al. 2011) . Treacher Collins syndrome is a mandibulofacial dysostosis often associated with maxillary, mandibular, and zygomatic hypoplasia as well as conductive hearing loss (Trainor and Merrill 2014; Vincent et al. 2015) . Patients with Treacher Collins syndrome have mutations in proteins required for the transcription of pre-ribosomal RNA (pre-rRNA) by RNA polymerase I (RNAPI). The act of transcription of pre-rRNA by RNAPI is fundamental to all of life, as it is the first step of making ribosomes. Proteins mutated in Treacher Collins syndrome patients include a transcription factor for RNAPI called TCOF1 (Treacher Collins Syndrome Collaborative Group 1996; Valdez et al. 2004 ) and 2 subunits of RNAPI: POLR1C and POLR1D (Dauwerse et al. 2011) . Furthermore, another RNAPI subunit, POLR1A, is mutated in patients with a craniofacial disorder called acrofacial dysostosis, Cincinnati type (Weaver et al. 2015) . Unlike Treacher Collins syndrome, acrofacial dysostoses are characterized by developmental defects of the limbs and craniofacial structures (Wieczorek 2013) . Thus, mutations in multiple proteins physically involved in the transcription or pre-rRNA or in the initiation of pre-rRNA transcription cause a human disease associated with defects in craniofacial development.
The craniofacial phenotype observed in Treacher Collins syndrome patients has been replicated in animal models of the disease. In 2006, Dixon et al. generated a heterozygous Tcof1 +/-mouse model, which exhibited many of the same features of Treacher Collins syndrome, including underdeveloped jaw structures. Interestingly, Tcof1
+/-heterozygosity in some mouse strains was not compatible with postnatal survival, such as the C57BL/6 strain. However, in the DBA mouse strain background, the heterozygous Tcof1 loss-of-function mutation was compatible with postnatal survival. This suggests that there is some contribution of other genetic factors, in addition to Tcof1, to the severity of craniofacial developmental defects. In Tcof1 +/-mice, neural crest cells (i.e., the progenitor cells responsible for the development of the jaw) demonstrated reduced proliferation and increased apoptosis, illustrating the mechanism by which craniofacial defects arise. Furthermore, the craniofacial defect in Tcof1 +/-mice could be rescued by inhibition of p53, highlighting the significant role that this protein plays in the pathogenesis of Treacher Collins syndrome (Jones et al. 2008) . The role of p53 in the development craniofacial defects due to defects in ribosome biogenesis has been illustrated in other animal models, including zebrafish and frogs (Zhao et al. 2014; Griffin et al. 2015) .
In addition to known patient mutations in transcription factors or subunits of RNAPI, depletion or dysfunction of other proteins required for pre-rRNA transcription causes craniofacial developmental defects in animal models, including Nol11, DDX11, and WDR43 (Griffin et al. 2015; Sun et al. 2015; Zhao et al. 2014) . Despite possible alternative functions for these proteins associated with craniofacial defects, all of them are required for efficient transcription of pre-rRNA, thus offering a strong argument that defects in ribosome synthesis-and the likely consequential disruptions in messenger RNA (mRNA) translation and protein synthesis-lie at the heart of the etiology of defective craniofacial development. For this review, we focus our discussion concerning the relationship between ribosome biogenesis and craniofacial development on the protein WDR43, also called Utp5, whose significance in craniofacial development has only recently been identified (Zhao et al. 2014) . Many erudite reviews have explored the connection between other ribosome biogenesis proteins and craniofacial development (Sakai and Trainor 2009; Trainor and Andrews 2013; van Gijn et al. 2013; Ross and Zarbalis 2014; Trainor and Merrill 2014) .
Overview of Eukaryotic Ribosome Biogenesis
The synthesis of ribosomes consists of many steps that occur in multiple cellular compartments. In short, ribosomes are first assembled in the nucleolus, which is located in the nucleus, and then transported to the cytoplasm, where they perform the vital function of translating mRNAs into proteins. The process of making ribosomes, aptly named ribosome biogenesis, initiates in the large non-membrane bound nuclear body called the nucleolus in eukaryotic cells (Henras et al. 2008; Woolford and Baserga 2013) . Ribosomes are composed of 2 major constituents: ribosomal proteins and ribosomal RNA (rRNA). The mRNAs for ribosomal proteins are transcribed by RNA polymerase II, subsequently translated in the cytoplasm, and transported back to the nucleus and then nucleolus to be assembled into nascent ribosomal subunits: the large and small subunits.
Ribosome biogenesis initiates with the transcription of ribosomal DNA into rRNA. Of the 4 rRNAs, 3 (the 18S, 5.8S, and 28S [called 25S in yeast] rRNA) are not transcribed individually but are instead transcribed as one large pre-rRNA by RNAPI. This pre-rRNA contains the sequences for all 3 mature rRNAs ( Fig. 1A) . In addition to the sequences for the mature rRNAs, 2 external transcribed sequences and 2 internal transcribed spacers are removed through a series of cleavages to form the mature rRNAs (Fig. 1A) . The fourth rRNA, called the 5S rRNA, is transcribed separately by RNA polymerase III and is incorporated later into assembling ribosomes (Woolford and Baserga 2013) . The 18S rRNA is assembled into the small subunits, while the 5S, 5.8S, and 28S rRNAs are assembled into the large subunits (Fig. 1B) . The final steps of the maturation of ribosomes occur with the transport of ribosomes to the cytoplasm, where they participate in translation-the synthesis of proteins from mRNAs. The complex and energy-intensive process of ribosome biogenesis requires the coordinated action of several small nucleolar RNAs (snoRNAs) and >200 proteins (Woolford and Baserga 2013) . The ribosome biogenesis protein that is the subject of this review, named Utp5 in yeast and WDR43 in other eukaryotes, is essential for pre-rRNA transcription and processing ( Fig. 1A ; Gallagher et al. 2004; Prieto and McStay 2007) .
Discovery and Role of Utp5 in the Yeast Saccharomyces cerevisiae
The role of Utp5 in ribosome biogenesis was first described with the purification of a large nucleolar ribonucleoprotein that contains the U3 snoRNA, called the small subunit processome (Dragon et al. 2002) . The U3 snoRNA is a nucleolar-specific noncoding RNA required for ribosome biogenesis (Tyc and Steitz 1989; Kass et al. 1990 ). While the U3 snoRNA was known to be required for the maturation of the 18S rRNA, the panoply of proteins associated with U3 had remained elusive. To identify U3 interacting proteins, Dragon et al. (2002) tagged the Nop5/58 protein, which binds to the box C/D class of RNAs that includes the U3 snoRNA. A known U3-specific binding protein called Mpp10 was tagged like Nop5/58 but with a different epitope. Nop5/58 and its binding partners were purified from whole cell yeast extract with beads that would bind to the tag on Nop5/58. Subsequently, Nop5/58 and its binding partners were eluted from the beads. Then Mpp10 and its binding partners were purified from the Nop5/58 elution with beads that would bind to the tag on Mpp10. Mass spectrometry was used to analyze the resulting purified proteins that bind to the U3 snoRNA. This analysis identified 17 previously unknown components of the U3 ribonucleoprotein, one of which was Utp5, with Utp being used as an acronym for "U three protein." The large ribonucleoprotein complex was named the small subunit processome because it is required for the processing and maturation of the ribosomal small subunit rRNA (the 18S rRNA). Depletion of Utp5 and other Utps decreases the levels of mature 18S rRNA in yeast (Dragon et al. 2002) , causes pre-rRNA processing defects (Gallagher et al. 2004) , and is required for cell cycle progression at G1 (Bernstein and Baserga 2004) . Coinciding with the requirement of ribosomes for life, all but 1 Utp are encoded by essential genes (Dragon et al. 2002) .
Utp5 was subsequently shown to be a member of the t-Utp/ UTPA subcomplex (Gallagher et al. 2004; Krogan et al. 2004 ). This subcomplex contains Utps 4, 5, 8, 9, 10, 15, and 17 (Gallagher et al. 2004 ) and is largely conserved to humans (Prieto and McStay 2007) . All members of the t-Utp/UTPA subcomplex are required for efficient RNAPI transcription of pre-rRNA, in addition to their requirement for pre-rRNA processing. Within the t-Utp/UTPA subcomplex, Utp5 interacts directly with Utp4 , Utp10 , and Utp15 (Uetz et al. 2000; as shown by yeast 2-hybrid (Fig. 2) . By an alternative method of detecting protein-protein interactions called the protein fragment complementation assay, Utp5 directly interacts with all the t-Utps except Utp17 (Tarassov et al. 2008; Lim et al. 2011) . Furthermore, in vitro reconstitution of the t-Utp/UTPA subcomplex demonstrates that Utp5 directly interacts with Utp4 and Utp15 (Poll et al. 2014) . Since depletion or dysfunction of Utp5 or any of its interacting partners in the t-Utp/UTPA subcomplex results in defects in pre-rRNA transcription and processing (Gallagher et al. 2004 ) and because ribosome biogenesis defects result in craniofacial dysmorphology, all the protein-protein interactions of Utp5/WDR43 are likely to have significance in the development of craniofacial structures. This hypothesis is supported by a zebrafish mutant with a premature stop codon in WDR43, which results in a C-terminal truncation that abrogates the interaction between WDR43 and UTP15 and the interaction between WDR43 and UTP4 (Zhao et al. 2014) . The same mutation in WDR43 that disrupts protein-protein interactions also causes severe craniofacial defects.
Role and Conservation of Utp5/ WDR43 in Other Eukaryotes
Utp5/WDR43 is an evolutionarily conserved protein at the level of the amino acid sequence. The conservation of Utp5/WDR43 is supported by bioinformatics analyses demonstrating that Green arrows indicate an interaction found only by protein fragment complementation (PCA; Tarassov et al. 2008) . Red arrows indicate an interaction found by PCA (Tarassov et al. 2008 ) and yeast 2-hybrid (Uetz et al. 2000; . Black arrows indicate an interaction found by PCA (Tarassov et al. 2008) , yeast 2-hybrid (Uetz et al. 2000; , in vitro reconstitution (Poll et al. 2014) and that the interaction is conserved for the human orthologs of the proteins (Sato et al. 2013) . Blue crosses indicate protein-protein interactions that are disrupted in fantome mutant zebrafish and result in craniofacial defects (Zhao et al. 2014 ).
Utp5/WDR43 is found in all 5 eukaryotic supergroups (Feng et al. 2013) , including a parasitic protist (Srivastava et al. 2014) , and can be traced to the last eukaryotic common ancestor (Feng et al. 2013) . BLAST (http://blast.ncbi.nlm.nih.gov/) searches reveal that Utp5/WDR43 is well conserved at the amino acid level (Table) . As its name suggests, WDR43 has a predicted conserved WD40 domain in the N-terminal region of the protein in addition to a Utp12 domain in the C-terminal region of the protein (Fig. 3A) . A phylogenic tree of the evolution of Utp5/WDR43 reveals that vertebrate WDR43 and fungal Utp5 originated from a common ancestor (Fig. 3B) . Altogether, Utp5/ WDR43 has diverged little in amino acid sequence and predicted domain structure during evolution.
The function of Utp5/WDR43 is also conserved throughout eukaryotes. Like its ortholog in yeast, WDR43 is required for pre-rRNA transcription and processing in humans (Prieto and McStay 2007) and vertebrates, including zebrafish (Zhao et al. 2014) . Furthermore, WDR43 copurifies with members of the human t-UTP/UTPA subcomplex (Freed et al. 2012 ), highlighting its conserved evolutionary role. In humans and in zebrafish, WDR43 is a nucleolar protein like Utp5 in yeast (Ahmad et al. 2009; Jarboui et al. 2011; Zhao et al. 2014) . WDR43 localizes to all 3 subcompartments of nucleoli in HeLa cells by immunofluorescence (Wada et al. 2014 ) and directly interacts with human UTP15 (hUTP15) and human UTP4/Cirhin (hUTP4/Cirhin) when reconstituted in vitro (Sato et al. 2013 ). Phosphorylation of hUTP4/Cirhin by a mitotic cell extract abrogates its interaction with WDR43, suggesting a level of regulation for this interaction during the cell cycle (Sato et al. 2013) . A study that systemically tested whether human proteins could complement their yeast orthologs did not test Utp5/WDR43 (Kachroo et al. 2015) , although its functional conservation suggests that human WDR43 may complement yeast Utp5. Furthermore, injection of human Wdr43 mRNA partially rescues the zebrafish fantome (fan) / wdr43 mutant craniofacial phenotype (Zhao et al. 2014) . Overall, there is ample evidence to support a functional conservation for the role of Utp5/WDR43 from yeast to humans.
Database mining reveals that WDR43 is modified posttranslationally. In an analysis of human protein SUMOylation, WDR43 was found to have SUMO3 modifications at lysines 75 and 384 and a phosphate at serine 77 (Lamoliatte et al. 2014) . SUMOylation has been shown to allow for high-affinity binding of nucleolar proteins to snoRNAs ); however, the functional role of these modifications of WDR43 has yet to be further explored.
Utp5/WDR43 and Disease
There is precedent for dysfunction of nucleolar factors required for ribosome biogenesis causing defects in craniofacial development. WDR43 is among this group of nucleolar factors, as disruption of WDR43 function causes craniofacial defects in zebrafish. In an ENU chemical mutagenesis screen of zebrafish embryos for mutants with defects in craniofacial development, the Yelick laboratory identified the fan mutant, which exhibited extremely reduced pharyngeal arch cartilage formation at Sequence identity and similarity to human WDR43, amino acid positions of the predicted conserved WD40 (NCBI accession no. cd00200) and Utp12 (NCBI accession no. pfam04003) domains, and total amino acid length of Utp5/WDR43 for each indicated model organism. Fig. 4 ; Zhao et al. 2014) . Positional cloning revealed that fan mutants contained a nonsense mutation and, thus, a premature stop codon in the zebrafish WDR43 gene at amino acid 356 of 650 (Fig. 3) . Analysis of fan mutants by whole mount in situ hybridization revealed a marked decrease of cranial neural crest (CNC) markers in fan mutant embryos (Zhao et al. 2014) . As mentioned in the discussion of Treacher Collins syndrome, the CNC is a population of migratory cells that originate at the crest of the developing neural tube and significantly contribute to the development of craniofacial structures, including the pharyngeal arches (Mayor and Theveneau 2013) . The fan mutant embryos exhibited increased apoptosis and reduced proliferation of the developing CNC. Furthermore, fan mutant embryos have decreased steady-state levels of prerRNAs and pre-rRNA processing defects (Zhao et al. 2014 ), as expected from previous studies of the molecular function Utp5/ WDR43 (Gallagher et al. 2004; Prieto and McStay 2007) . Apoptosis mediated by p53 due to defects in ribosome biogenesis is conserved across species. A hallmark of nucleolar disruption, such as defects in pre-rRNA processing, is p53 activation and apoptosis through a process known as nucleolar stress (Rubbi and Milner 2003; reviewed in Boulon et al. 2010) . Indeed, fan mutant embryos exhibit increased p53 signaling, and the development of craniofacial structures could be rescued by depletion of p53 through a translation blocking morpholino (Zhao et al. 2014) . This is in concordance with a study showing that inhibition of p53 in Tcof +/-mice, which model Treacher Collins syndrome, also rescues their craniofacial phenotype (Jones et al. 2008) . A subsequent study found that depletion of another t-UTP, NOL11, in developing Xenopus tropicalis embryos causes a p53-mediated CNC defect associated with pre-rRNA processing defects and decreased pre-rRNA steadystate levels (Griffin et al. 2015) . In contrast, in a zebrafish model for the ribosomopathy Shwachman-Diamond syndrome, inhibition of p53 was not able to rescue defects in organogenesis, including craniofacial cartilage defects (Provost et al. 2012) . Unlike WDR43, TCOF, or NOL11, the protein affected in Shwachman-Diamond syndrome, SBDS, is required for latestage cytoplasmic maturation of the large subunit, not prerRNA transcription (Finch et al. 2011) . Taken together, these results demonstrate a conserved role for p53 in mediating CNC defects that are due to depletion or dysfunction of proteins required for pre-rRNA transcription. Importantly, the tissue specificity of these ribosome biogenesis protein mutations remains to be elucidated.
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We can speculate about why the neural crest is uniquely sensitive to defects in pre-rRNA transcription. One possibility is that, as compared with other cell types in a developing embryo, the neural crest may require larger numbers of ribosomes due to the high proliferation exhibited by these cells during craniofacial development. Alternatively, neural crest cells may have unique mechanisms distinct from other cell types, to sense defects in ribosome biogenesis. This latter idea is supported by results from Griffin et al. (2015) , which demonstrate that depletion of p53 rescues craniofacial defects in a frog model that are due to depletion of the t-UTP NOL11. Depletion of p53, however, does not rescue the decrease in pre-rRNA steady-state levels. Likewise, in a zebrafish model, p53 depletion alone was sufficient to rescue craniofacial defects caused by a premature stop codon in WDR43 (Zhao et al. 2014) , and inhibition of p53-mediated cell death rescued craniofacial defects in Treacher Collins model (Tcof +/-) of mice (Jones et al. 2008) . This is significant for the physiologic impact of disruptions of ribosome biogenesis and craniofacial dysmorphology, as it indicates that the cellular response to defects in ribosome biogenesis-and not to defects in ribosome biogenesis itself-results in craniofacial dysmorphology. However, the unique cellular mechanisms in neural crest cells that would be used to sense defects in ribosome biogenesis differently than other cell types and to activate apoptosis are, as of yet, unknown.
WDR43 is also linked to the primordial growth disorder 3-M syndrome (Hanson et al. 2014 ): a normocephalic primordial short-stature disorder with exclusively growth-related defects. Mutations in 3 proteins (CUL7, OBSL1, and CCDC8) are associated with the syndrome. These proteins are responsible for ubiquitination leading to targeted degradation by the proteasome; however, their specific role in the pathogenesis of 3-M (C, D) . At 48 hpf, fan/wdr43 mutants, stained with benzidine to reveal hemoglobin, exhibit even more dramatic craniofacial and tail defects as well as heart edema (E, F) as compared with age-matched WT siblings (G, H).
syndrome has yet to be determined. In an effort to understand the molecular niche within which CUL7, OBSL1, and CCDC8 function, Hanson et al. (2014) performed immunoprecipitation, followed by mass spectrometry, to identify the interacting partners. WDR43 was coimmunoprecipitated by CUL7 and OBSL1. Furthermore, other members of the t-UTP/UTPA subcomplex were immunoprecipitated, including human UTP17/WDR75, NOL11, human UTP4/Cirhin, and human UTP10/HEATR1 (Hanson et al. 2014) . As 3-M syndrome is a growth disorder, this leads to the intriguing hypothesis that defective ribosome biogenesis, which affects cellular growth, may at least partially contribute to the pathogenesis of the disease.
Conclusions and Perspectives
Our understanding of the function of Utp5/WDR43 in normal growth and development is far from complete. Although much is known about the role of Utp5/WDR43 in ribosome biogenesis at the molecular level, much remains to be understood about its role at the organismal level. However, any understanding of the physiologic impact of defects in Utp5/WDR43 must be built on a detailed molecular understanding of the protein and its functions. Therefore, a strong foundation for future studies on the physiology of defects in Utp5/WDR43 has been laid by the current progress in understanding the biochemical basis of ribosome biogenesis.
The fan/wdr43 mutant zebrafish may provide an important animal model for answering a variety of questions, including "Why are CNC cells more sensitive to defects in nucleolar function as compared with other, less affected tissues?" Zebrafish are particularly important for these investigations, as no WDR43 knockout mouse model exists in the International Knockout Mouse Consortium, Knockout Mouse Project, or International Mouse Phenotyping Consortium databases. This is not surprising, as Utp5 is an essential protein in yeast (Dragon et al. 2002) and fan/wdr43 homozygous zebrafish live only 5 to 6 d post-fertilization (Zhao et al. 2014) . In contrast, heterozygous fan/wdr43 mutant zebrafish were phenotypically normal. Thus, mice homozygous null for WDR43 would likely be embryonic lethal, and heterozygous knockout of WDR43 would likely not produce craniofacial defects.
We have already speculated that neural crest cells may have unique mechanisms not present in other cell types by which they sense defects in ribosome biogenesis and activate apoptosis. One may also speculate that neural crest cells destined to develop into craniofacial structures may require more protein synthesis and, thus, more ribosomes. Perhaps neural crest cells proliferate faster than other cell types, which would require efficient ribosome biogenesis? As such, WDR43 is a viable model protein for addressing these questions and for studying how different tissues sense defects in pre-rRNA processing and transcription. Furthermore, since dysfunction of WDR43 causes craniofacial defects in an animal model, we begin to wonder: Is WDR43 mutated in patients with craniofacial dysostoses? Online Mendelian Inheritance in Man (omim.org) does not contain linkage between Utp5/WDR43 and any human disease as of yet. It is, however, tempting to predict that as DNA from increasing numbers of patients with craniofacial defects continues to be sequenced, mutations in WDR43 and/ or related nucleolar factors required for the synthesis of ribosomes may be identified as the molecular etiology.
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